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19.  ABSTRACT 

The  kinetics  of  zinc  deposition  In  various  nedla  Is  aioong  the  most 
widely  studied  systems,  along  with  hydrogen  and  oxygen  reactions.  The 
Importance  of  the  zinc  electrode  originates  from  the  use  of  zinc  as  an 
anode  material  In  commercially  Important  primary  and  secondary  bat¬ 
teries.  The  Ag-Zn  battery,  commercially  available  for  a  long  time,  has 
the  highest  practical  energy  and  power  densities  among  conventional 
secondary  batteries.  The  Nl-Zn  secondary  battery  Is  still  under  deve¬ 
lopment.  Both  zinc  electrodes  operate  In  concentrated  alkaline  electrolytes. 

In  spite  of  the  extensive  number  of  studies,  the  mechanism  of  zinc 
reduction  In  alkaline  media  Is  not  fully  understood.  The  situation  Is 
further  complicated  In  the  presence  of  various  metallic  additives,  which 
are  commonly  used  In  secondary  alkaline  batteries  utilizing  zinc  anodes 
to  suppress  dendrite  formation  and/or  facilitate  uniform  zinc  deposi¬ 
tion.  Non-uniform  zinc  deposition  leads  to  the  phenomenon  known  as 
“zinc  electrode  shape  change"  In  secondary  batteries.  The  zinc 
electrode  shape  change  Is  considered  a  leading  factor  in  the  premature 
loss  of  capacity  of  zinc  batteries  and  to  a  generally  unacceptably 
short  cycle  life. 

The  employment  of  metal  additives  remains  largely  empirical.  Studies 
aimed  at  understanding  the  role  of  additives,  conducted  by  various 
Investigators,  have  produced  controversial  results.  Without 
understanding  the  mechanism  of  additive  action,  the  optimization  of 
their  effect  on  minimizing  zinc  electrode  shape  change  Is  difficult  to 
assess.  If  possible  at  all. 

Of  all  the  additives  employed,  lead  appears  to  be  the  most  commonly 
used  in  commercial  practice,  alone  or  In  combination  with  other  additives. 
Therefore,  we  have  studied  the  effect  of  lead  as  an  electrolyte  addi¬ 
tive  on  the  kinetics  of  zinc  deposition  at  solid  electrodes  (silver  and 
zinc)  In  45Z  KDH.  A  number  of  other  additives  claimed  to  be  either 
beneficial  or  detrimental  were  studied  to  a  lesser  degree.  For  com¬ 
parison,  limited  experiments  with  additives  to  pasted  ZnO  electrodes 
have  also  been  conducted.  The  techniques  used  were  cyclic  voltammetry, 
chronopotentlometry  and  chronocoulometry. 

A  significant  reduction  In  the  rate  of  zinc  deposition  In  the  pre¬ 
sence  of  lead  was  observed  in  all  our  experiments.  We  attribute  this  to 
co-depositlon  of  lead,  rather  than  a  simple  substrate  effect.  Our 
experimental  evidence  suggests  that  a  dynamic  layer-by-layer  interaction 
of  lead  with  zinc  deposition  plays  the  key  role  in  the  reduction  of  the 
deposition  rate.  The  reduced  deposition  rate  should  lead  to  a  more  uni¬ 
form  zinc  deposit,  which  In  turn  should  lead  to  a  reduced  shape  change 
upon  cycling  In  practical  cells.  While  further  work  Is  In  order 
(especially  on  the  dissolution  process  of  zinc,  which  is  also  affected 
by  lead)  our  results  point  to  the  possibility  of  employing  electrolyte 
additives,  as  opposed  to  additives  to  the  ZnO  paste  in  practical  cells. 

During  the  course  of  this  work  we  have  employed  a  semldlfferen- 
tlatlon  algorithm  for  the  analysis  of  chronocoulometrlc  data  for  Zn  (II) 
reduction  in  concentrated  alkaline  media.  The  chronocoulometrlc 
algorithm  does  not  require  an  advanced  knowledge  of  kinetic  parameters 
and  uses  the  entire  data  set  for  analysis,  thus  eliminating  the  need  for 
approximation  or  for  non-llnear  data  fitting  techniques.  Kinetic  data 
obtained  in  this  work  compare  favorably  with  previously  published 
results.  This  technique  could  be  extended  to  study  of  systems  other 
than  zlncate. 
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1.  ABSTRACT 


-^The  kinetics  of  zinc  deposition  In  various  media  Is  among  the  most 
widely  studied  systems,  along  with  hydrogen  and  oxygen  reactions.  The 
Importance  of  the  zinc  electrode  originates  from  the  use  of  zinc  as  an 
anode  material  In  commercially  Important  primary  and  secondary  bat¬ 
teries.  The  Ag-Zn  battery,  commercially  available  for  a  long  time,  has 
the  highest  practical  energy  and  power  densities  among  conventional 
secondary  batteries.  The  Nl-Zn  secondary  battery  Is  still  under  deve¬ 
lopment.  Both  zinc  electrodes  operate  In  concentrated  alkaline  electrolytes 


In  spite  of  the  extensive  number  of  studies ,  the  mechanism  of  zinc 
reduction  In  alkaline  media  Is  not  fully  understood.  The  situation  Is 
further  complicated  In  the  presence  of  various  metallic  additives ,  which 
are  commonly  used  In  secondary  alkaline  batteries  utilizing  zinc  anodes 
to  suppress  dendrite  formation  and/or  facilitate  uniform  zinc  deposi¬ 
tion.  Non-uniform  zinc  deposition  leads  to  the  phenomenon  known  as 
'^^hc  electrode  shape  change^^n  secondary  batteries.  The  zinc 
electrode  shape  change  Is  considered  a  leading  factor  in  the  premature 


loss  of  capacity  of  zinc  batteries  and  to  a  generally  unacceptably 
short  cycle  life. 


The  employment  of  metal  additives  remains  largely  empirical.  Studies 
aimed  at  understanding  the  role  of  additives,  conducted  by  various 
Investigators,  have  produced  controversial  results.  Without 
understanding  the  mechanism  of  additive  action,  the  optimization  of 
their  effect  on  minimizing  zinc  electrode  shape  change  is  difficult  to 


bf  all  the  additives  employed,  lead  appears  to  be  the  most  commonly 
used  in  commercial  practice,  alone  or  in  combination  with  other  additives 
Therefore,  we  have  studied  the  effect  of  lead  as  an  electrolyte  addi¬ 
tive  on  the  kinetics  of  zinc  deposition  at  solid  electrodes  (silver  and  . 
zinc)  in  45%  KOH.  A  number  of  other  additives  claimed  to  be  either 
beneficial  or  detrimental  were  studied  to  a  lesser  dej^ree.  For  com- 
parison,  limited  experiments  with  additives  to  pasted  ZnO  electrodes 
have  also  been  conducted.  The  techniques  used  were  cyclic  voltammetry, 
chronopotentlometry  and  chronocoulometry. 


A  significant  reduction  in  the  rate  of  zinc  deposition  in  the  pre¬ 
sence  of  lead  was  observed  in  all  our  experiments.  We  attribute  this  to 
co-deposition  of  lead,  rather  than  a  simple  substrate  effect.  Our 
experimental  evidence  suggests  that  a  dynamic  layer-by-layer  interaction 
of  lead  with  zinc  deposition  plays  the,  Iwy  role  in  the  reduction  of  the 
deposition  rate.  The  reduced  deposition  rate  should  lead  to  a  more  uni¬ 


form  zinc  deposit,  which  in  tum^hould  lead  to  a  reduced  shape  change 
upon  cycling  in  practical  cells.  While  further  work  is  in  order 
(especially  on  the  dissolution  process  of  zinc,  which  is  also  affected 
by  lead)  our  results  point  to  the  possibility  of  employing  electrolyte 


additives,  as  opposed  to  additives  to  the  ZnO  paste  in  practical  cells. ^ 


During  Che  course  of  this  work  we  have  employed  a  semldlfferen- 
ClaClon  algorithm  for  the  analysis  of  chronocoulometrlc  data  for  Zn  (II) 
reduction  In  concentrated  alkaline  media.  The  chronocoulometrlc 
algorithm  does  not  require  an  advanced  knowledge  of  kinetic  parameters 
and  uses  Che  entire  data  set  for  analysis,  thus  eliminating  Che  need  for 
approximation  or  for  non-llnear  data  fitting  techniques.  Kinetic  data 
obtained  In  this  work  compare  favorably  with  previously  published 
results.  This  technique  could  be  extended  to  study  of  systems  other 


than  zlncaCe 


2 


INTRODUCTION 


Shape  change  of  zinc  electrodes  Is  the  major  factor  contributing  to 
capacity  loss  and  therefore  to  short  cycle  life  of  the  Ag-Zn  secondary 
battery.  In  spite  of  this  drawback,  the  Ag-Zn  cell  has  found  extensive 
military  application,  since  It  has  the  highest  practical  energy  and 
power  densities  among  the  conventional  secondary  batteries.  Similarly, 
the  commercialization  of  the  Nl-Zn  battery,  aimed  primarily  at  electric 
vehicle,  but  having  also  military  Importance,  Is  largely  hampered  by  the 
Zn  shape  problem.  The  solution  of  the  Zn  electrode  shape  change  problem 
would  thus  benefit  both  military  and  civilian  Interests. 

Several  theories  have  been  advanced  In  an  effort  to  explain  the 
shape  change  phenomenon  (1).  Consequently,  various  approaches  have  been 
used  In  an  attempt  to  remedy  the  problem.  The  most  successful ,  although 
still  only  partial  remedy,  appears  to  be  the  addition  of  small  amounts 
of  foreign  metals  (1  to  2%)  to  the  Zn  electrode,  e.g.,  lead,  cadmium. 
Indium,  or  thallium,  alone  or  In  some  combination.  This  approach  Is 
currently  used  In  commercial  Ag-Zn  batteries. 

The  role  of  additives  is  little  understood  In  spite  of  a  fair  amount 
of  study.  The  employment  of  additives  thus  remains  largely  empirical. 
Without  understanding  the  mechanisms  of  additives  action,  the  optimiza¬ 
tion  of  their  effect  on  minimizing  Zn  electrode  shape  change  is  dif¬ 
ficult,  If  not  Impossible,  to  assess. 

Earlier  versions  of  commercial  sllver-zlnc  batteries  contained  HgO, 
mixed  with  zinc  oxide  paste  ( 1  to  4Z)  to  suppress  hydrogen  evolution. 

This  practice  has  been  discontinued  for  several  reasons;  In  addition  to 


the  high  toxicity  of  Hg  (which  can  cause  severe  problems  In  the  case  of 

battery  shorting  and  possible  fire),  the  presence  of  mercury  Is  believed 

to  accelerate  the  rate  of  zinc  electrode  shape  change,  resulting  In 
rapid  capacity  loss  (2).  Substitutes  for  mercury  were  therefore  sought. 

Hlmy  et  al.  (3)  were  the  first  to  recommend  the  addition  of  PbO 
In  combination  with  other  metal  oxide  additives,  such  as  CdO  or  11203^ 
Instead  of  HgO.  The  presence  of  PbO  not  only  suppresses  hydrogen  evolu¬ 
tion,  but,  more  Importantly,  reduces  the  rate  of  zinc  electrode  shape 

change  and  consequently  preserves  the  battery  capacity  through  extended 
cycling.  These  experiments  led  to  the  employment  of  PbO  and  other  mercury 
substitutes  In  commercial  sllver-zlnc  cells.  The  metallic  additives  are 
applied  In  the  form  of  oxides  (or  other  salts)  and  mixed  with  zinc  oxide 
during  manufacture  of  the  Zn  electrode.  This  method  has  the  Inherent 
disadvantage  of  possible  nonuniformity  of  the  resulting  mixture. 

The  original,  largely  empirical  work  did  not  cast  light  on  the 
mechanism  by  which  reduction  of  the  rate  of  shape  change  occurs.  This 
work,  however,  prompted  a  series  of  Investigations  by  others,  aimed  at 
understanding  the  nature  of  additive  effects  (4-7).  The  experiments 
were  usually  conducted  In  experimental  Ni-Zn  cells,  with  additives 
Incorporated  In  the  ZnO  paste  electrode.  The  conclusions  reached  are 
rather  controversial. 

McBreen  et  al.  (4)  studied  the  effect  of  HgO,  TI2O3,  PbO,  CdO, 

10203,  In(0H)3,  In  and  63203  (alone  or  In  combinations).  Typical  con¬ 
centrations  of  additives  In  the  ZnO  paste  were  17,  PbO  or  Sn02,  with  0.5 
to  2Z  of  other  metal  oxides  (weight  percent).  Expanded  silver  mesh  was 


used  as  a  current  collector*  They  observed  that  all  the  additives  have 
an  effect  on  the  polarizability  of  the  Zn  electrode,  some  decreasing 
(68203,  CdO,  HgO)  and  some  Increasing  (TI2O3,  PbO)  the  polarizability. 

In  (and  Its  salts)  not  only  changed  the  slope  (Increased  polarizability) 
but  also  altered  the  shape  of  the  polarization  curve.  The  morphology  of 
Zn  deposits  was  correspondingly  affected.  PbO  and  In  or  In(0H3)  pro¬ 
duce  dense  deposits,  while  68203  and  CdO  produce  fine  deposit  structures 
typical  of  Zn  electrodes  with  no  additives.  Cycling  experiments,  for 
over  300  cycles,  using  a  mixture  of  In(0H)3  and  PbO  showed  this  com¬ 
bination  "particularly  effective  In  maintaining  zinc  electrode  capa¬ 
city  with  minimal  shape  change  or  bulging  of  the  cell”(4).  McBreen  et 
al.  attributed  the  observed  beneficial  effect  of  PbO  (and  some  other 
additives)  to  the  Increased  polarizability  of  the  Zn  electrode,  ^»hlch 
Improves  current  distribution.  Independent  studies  by  McBreen  have 
Indicated  non-uniform  current  distribution  during  the  charging  process, 
which  could  lead  to  shape  change  (8).  Based  on  these  results  and  a 
separate  study  of  the  effect  metal  substrates  have  on  the  morphology  of 
Zn  deposits  (5,6),  McBreen  et  al.  concluded  that  the  additive  effect 
Is  a  substrate  effect. 

Fletcher  et  al.  (7)  Included  a  large  number  of  additives  In  their 
studies  of  cell  capacity  and  the  rate  of  Zn  electrode  shape  change. 
Additives  studied  Included  HgO,  PbO,  CdO,  Sn02,  BI2O3,  TIO2,  V2O4, 

Ce02,  Fe203  and  WO3.  The  additives.  In  the  form  of  metal  oxides,  were 
added  to  the  ZnO  paste  in  an  experimental  Nl-Zn  cell.  From  the  graphs 
of  capacity  vs.  time  they  concluded  that  little  or  no  Influence  was 


exerted  by  any  additive  on  the  rate  of  shape  change.  However,  all 
investigated  additives,  except  WO3,  had  a  beneficial  effect  on  the  cell 
life.  This  was  attributed  to  the  inhibition  of  the  growth  of  dendrites 
by  additives.  Overall,  the  best  additives  were  found  to  be  combinations 
of  1102(10%)  plus  Hg0(2%)  and  Cd0(5%)  plus  Hg0(2%).  The  combinations 
Cd0(5%),  Pb0(5%),  Hg0(2%)  and  Sn02(5%),  Cd0(5%),  Hg0(2%)  were  claimed  to 
be  extremely  effective  for  the  prevention  of  dendrites,  but  capacity 
values  were  found  to  fluctuate  greatly.  Even  though  the  best  overall 
performance  was  claimed  for  combinations  of  additives,  the  article  sta¬ 
tes  that  combinations  of  oxides  were  not  better  dendrite  inhibitors  than 
the  individual  oxides.  In  a  subsequent  paper,  some  of  the  same 
authors  reported  "statistically  significant  Improvement"  in  the 
"cumulative  capacity"  (recorded  at  100  cycles)  of  Nl-Zn  test  cells 
due  to  the  addition  of  BI2O3  to  the  ZnO  paste  electrode  (9). 

Effects  of  additives  on  the  kinetics  of  Zn  deposition/dissolution 
cannot  be  deduced  from  studies  of  pasted  ZnO  electrodes.  Furthermore, 
the  active  mass  is  depleted  of  additives  with  cycling.  It  has  been 
demonstrated  that  only  a  fraction  of  the  original  concentration  remains 
after  even  relatively  short  cycling  (10).  The  rate  of  depletion  depends 
on  the  additive,  but  is  always  faster  than  the  rate  loss  of  zinc  active 
material.  Additives  are  lost  to  the  separator,  electrolyte,  and  zinc 
material  detached  from  the  electrode.  Additives  "lost"  to  the 
electrolyte  could  redeposlt  during  the  charging  cycle,  thus  affecting 
the  kinetics  of  the  Zn(II)  reduction  reaction. 


Of  all  the  additives  studied,  lead  appears  to  be  the  most  commonly 
used  In  practice,  either  alone  or  In  combination  with  other  additives. 
Therefore,  we  have  studied  the  effect  of  lead  as  an  electrolyte  addi¬ 
tive  on  the  kinetics  of  zinc  deposition  at  solid  electrodes  (silver 
and  zinc)  In  45%  KOH.  A  number  of  other  additives  claimed  to  be 
either  beneficial  or  detrimental  have  been  studied  to  a  lesser  degree: 
CdO,  HgO,  81203,  Fe203,  In(0H)3,  SnO,  Sn02,  Ti02,  TI2O3,  V2O4  and  WO3. 
For  comparison,  limited  experiments  with  additives  to  pasted  ZnO 
electrodes  have  also  been  conducted.  The  techniques  used  were  cyclic 
voltammetry,  chronopotentlometry  and  chronocoulometry. 
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EXPERIMENTAL 


Experiments  were  performed  in  a  200  ml  boroslllcate  glass  cell 
manufactured  by  Metrohm.  The  reference  electrode  consisted  of  a  Hg/HgO 
electrode  in  45%  KOH  constructed  in  the  manner  described  by  Thacker  (11). 
All  potentials  are  reported  versus  the  Hg/HgO  reference  electrode.  Zinc 
and  silver  disk  electrodes  were  used  as  substrates  for  zinc  deposition. 
Electrodes  were  fabricated  from  2  ram  rod  inserted  into  Teflon"  sheaths. 

The  Teflon"  sheaths  were  machined  to  be  compatible  with  a  Tacussel  EDI 
rotator  and  CONTROVIT  controller. 

Electrodes  were  mechanically  polished  prior  to  each  experiment  with 
successively  finer  grades  of  SIC  paper  down  to  600  grit.  This  was  followed 
by  polishing  on  microcloth  (Buehler)  with  0.3  micron  alumina  on  a  polishing 
wheel  and  a  final  hand  polish  with  0.05  micron  alumina  on  microcloth. 

Additive  solubilities  were  determined  in  solutions  containing  7%  by 
weight  ZnO  and  2%  by  weight  of  the  additive  in  45%  KOH.  The  solubility 
of  ZnO  is  approximately  5.5%  by  weight  under  these  conditions;  hence  some 
solid  ZnO  was  always  present.  The  solutions  containing  additives  were 
stirred  at  room  temperature  for  a  rainimum  of  72  hours  prior  to  analysis 
by  atomic  absorption  spectrometry  and  electrochemical  testing. 

Zinc  oxide  powder  (USP-20)  was  supplied  by  New  Jersey  Zinc  Co.  All 
other  chemicals  were  of  reagent  grade  and  supplied  by  Fisher  Scientific. 
Water  was  purified  in  an  ion  exchange  cartridge  system  with  a  resulting 
resistivity  of  at  least  13  megohm-cra. 


The  electrochemical  Instrumentation  consisted  of  an  EG&G  PAR  Model 


173  potent lostat /gal vanostat  equipped  with  a  Model  179  digital  coulo- 
meter  and  a  Model  175  universal  programmer.  Data  were  recorded  on  a 
Bascom  Turner  Model  8120-A  digital  storage  X-T  plotter  and  stored  on 
magnetic  disks. 

In  the  chronopotentlometrlc  studies,  the  current  was  pulsed  from  zero 
current  to  preselected  current  densities  of  10  mA  cm~2  or  less  employing 
a  5  millisecond  pulse.  The  potential  response  was  recorded  on  a 
Tektronix  Model  7623A  oscilloscope  equipped  with  a  7A22  Differential 
Amplifier  and  7B53A  Dual  Time  Base.  A  pulse  was  used,  rather  than  a 
current  step.  In  order  to  return  the  electrode  to  equilibrium  after  each 
measurement.  This  procedure  avoids  excessive  changes  In  electrode  surface 
area  and  provides  reproducible  results. 

Chronocoulometry  data  were  obtained  by  recording  the  output  of  a 
PAR  Model  179  digital  coulometer  as  a  function  of  time  following  a 
potential  step  from  the  rest  potential  to  a  potential  In  the  zlncate 
reduction  region.  After  5  seconds,  the  electrode  was  returned  to  Its 
rest  potential.  The  electrode  was  potential  cycled  between  experiments 
to  provide  a  reproducible  electrode  surface.  The  charge  (0)  vs.  time 
data  were  recorded  on  magnetic  disk  using  a  Bascom  Turner  Model  8120-A 
recorder.  For  analysis  via  the  algorithm,  data  were  transferred  to  a 
Hewlett  Packard  Model  9825A  desktop  computer  via  an  RS  232  interface.  A 
computer  program  utilizing  the  algorithm  was  used  to  produce  the  seml- 


derlvatlve  data 


Fabrication  of  the  pasted  electrodes  Involves  pressing  zinc  oxide 
powder  containing  additives  and  binder  n  terial  such  as  polyvinyl  alco¬ 


hol  or  carboxymethylcellulose  (1  w/w  Z)  onto  a  silver  screen.  The 
pressed  electrode  is  enclosed  In  a  paper  envelope  (ALDEX  74  or  213, 

Aldln  Paper  Co.)  to  maintain  physical  stability  during  subsequent  steps 
In  the  fabrication  process.  Electrodes  constructed  In  this  laboratory 
are  3cmx3cmx0.1cm  and  are  pressed  to  a  final  density  of  2.25 
g/cin3.  After  pressing,  the  electrode  is  "formed"  as  the  zinc  oxide  Is 
slowly  reduced  electrochemlcally  to  metallic  zinc  in  5%  KOH.  Problems 
with  poor  physical  stability  due  to  swelling  of  the  paper  envelope  and 
redistribution  of  the  zinc  oxide  powder  were  encountered  in  this  step 
when  the  electrodes  were  mounted  vertically  in  the  forming  cell.  These 
problems  were  eliminated  by  using  a  horizontal  electrode  configuration 
and  applying  a  constant  pressure  on  the  face  of  the  electrode  during 
formation.  The  pressure  is  maintained  by  several  layers  of  PELLON 
separator  material  (Freudenberg  Co.)  tightly  sandwiched  between  the  zinc 
electrode  and  the  nickel  screen  counter  electrode.  After  formation,  the 
zinc  deposits  were  compact,  adherent,  and  showed  excellent  physical 


stability 


2- 


Silver  screens  are  commonly  employed  as  current  collectors  for  the 
zinc  electrode  In  military  Ag-Zn  cells,  hence  we  studied  the  deposi¬ 
tion  of  zinc  and  various  additives  at  a  silver  electrode.  The  con¬ 
centration  of  additives  in  the  supernatant  liquids  was  determined  by 
atomic  absorption  spectrometry  after  a  minimum  equilibration  period  of 
72  hours  (Table  I).  The  excess  of  ZnO  solid  in  each  sample  was  deli¬ 
berate  and  served  to  simulate  open  circuit  conditions  for  a  discharged 
pasted  electrode.  The  solubilities  measured  in  this  manner  are  in 
excess  of  the  amount  of  additive  that  may  be  absorbed  on  the  ZnO 
powder.  The  most  soluble  additives  are  PbO,  SnO,  and  WO3,  with  con¬ 
centrations  approaching  the  value  for  complete  dissolution  at  the  27, 
additive  level.  BI2O3,  In(0H)3,  and  HgO  show  solubilities  in  the 
intermediate  range  from  45  to  75  ppm.  The  least  soluble  additives  in 
45%  KOH  are  CdO,  TI2O3,  Fe203,  TIO2,  V2O4,  and  Sn02.  The  solubility 
of  an  additive  may  indicate  whether  the  additive  produces  a  substrate 
effect  (Insoluble  additives)  or  interactive  effects  during  zinc 
electrodeposition  (soluble  additives).  These  interactive  effects  are 
discussed  in  a  later  section. 


The  general  current-voltage  (CV)  behavior  of  a  silver  disk  electrode 


in  45%  KOH  is  shown  in  Figure  1.  A  broad  double  layer  region  extends  from 


O.OV  to  approximately  -1.20V.  Oxidation  of  silver  occurs  at  potentials 


more  positive  than  0>15V  and  reduction  of  sliver  oxide  Is  evident  as  a 
large  cathodic  peak  at  '^O.IOV.  The  CV  response  with  zlncate  Ion  present  Is 
shown  In  Figure  2.  Reduction  of  zlncate  Ion  to  zinc  occurs  at  potentials 
negative  to  -1.36V.  A  small  shoulder  Is  evident  prior  to  bulk  zlncate 
reduction.  Zinc  Is  known  to  form  alloys  with  silver  (12)  and  to  underpoten- 
tlally  deposit  on  Ag  (4).  Either  of  these  processes  can  give  rise  to  the 
shoulder  on  the  reduction  wave.  Stripping  of  bulk  zinc  Is  evident  by  the 
large  stripping  peak  present  at  -1.37V.  Stripping  of  either  the  alloy  phase 
or  the  underpotentlal  deposit  Is  believed  to  give  rise  to  the  additional 
oxidation  peaks  observed  at  -1.15V  and  -0.25V.  Changes  In  the  CV 
response  with  various  additives  present  In  the  electrolyte  are  discussed 
In  the  following  section.  Samples  of  the  supernatant  solution  were  used 
In  all  cases. 

PbO:  This,  along  with  SnO,  Is  the  most  soluble  of  all  the  additives 
studied  (700  ppm).  It  produces  substantial  changes  In  the  current 
voltage  response  as  seen  In  Figure  3.  The  reactions  and  standard 
reduction  potentials  for  Pb02  and  HPb02“are; 

Pb02  +  H2O  +  2e  -  PbO  +  20H“  E”  -  0.25  vs.  N.H.E. 

HPb02“+  H2O  +  2e  -  Pb  +  30H”  E*  -  -0.54  vs.  N.H.E. 

These  data  suggest  that  metallic  Pb  Is  present  on  the  electrode  prior 
to  the  Initial  stages  of  zinc  deposition.  The  presence  of  lead  signifi¬ 
cantly  reduces  the  rates  of  zlncate  reduction  and  zinc  oxidation.  The 
multiple  oxidation  peaks  In  the  region  from  -0.40V  to  -0.80  volts 
correspond  to  the  oxidation  of  both  bulk  and  underpotentlally  deposited 
(UPD)  Pb  on  silver.  The  PbO  additive  also  Influences  the  silver  oxide 


region 


CdO;  The  additive  has  a  low  solubility  (20  ppm)  and  there  is  no  current 
response  that  is  directly  attributable  to  the  cadmium  oxide  (Figure  4). 

The  slight  changes  In  the  zinc  alloy/UPD  response  suggests  that  there 
may  be  an  Interaction  of  cadmium  In  Che  early  zinc  layers.  No  obvious 
differences  were  observed  In  bulk  zinc  plating  and  stripping.  As  one 
might  anticipate,  the  combination  of  PbO  and  CdO  additives  yields  a 
response  similar  to  that  of  PbO  alone  (Figure  5) . 

BI2O3;  Significant  changes  In  the  CV  response  of  the  silver  disk  electrode 
were  noted  with  BI2O3  present  despite  its  fairly  low  solubility  (60  ppm). 
These  changes  are  Illustrated  in  Figure  6.  A  major  reduction  In  the 
rate  of  zinc  deposition  Is  evidenced  by  the  increased  slope  of  the 
reduction  wave  and  the  reduced  stripping  peak.  The  alloy  or  UPD  zinc 
responses  are  not  present  and  several  new  peaks  are  evident.  The 
standard  reduction  potential  for  Che  reaction: 

81203  +  3H2O  +  6e  -  281  +  60h" 

is  -0.46V;  hence,  the  oxidation  peak  at  -0.35V  and  the  reduction  peak  at 
-0.5V  are  believed  to  result  from  the  redox  behavior  of  a  film  of  8I2O3  on 
the  electrode  surface. 

10203 ;  The  additive  Is  soluble  to  the  extent  of  45  ppm  and  the  principal 
effect  of  the  additive  appears  to  be  the  suppression  of  the  alloy/UPD  peaks 
(Figure  7).  The  small  oxidation  peak  at  -I.IOV  is  believed  to  be  due  to 
the  oxidation  of  indium  to  10203  with  a  reversible  potential  of  -1 . lOV  (4). 


This  additive  is  essentially  insoluble  in  45%  KOH  and  the  current- 
voltage  curve  shown  in  Figure  8  is  virtually  identical  to  the  additive-free 
case  shown  in  Figure  2. 

HgO;  Significant  changes  in  the  current -voltage  response  of  the  Ag 
electrode  were  noted  (Figure  9).  A  sharp  peak  is  evident  close  to  bulk 
zlncate  reduction.  The  zinc  alloy  (or  DPD)  peak  at  -1.20V  is  absent.  A 
broad  oxidation  region  is  evident  at  O.IOV  and  an  additional  reduction  peak 
is  observed  at  O.OV.  No  significant  changes  in  the  zinc  oxidation  region 
are  observed.  The  concentration  of  the  additive  corresponds  to  ~70  ppm. 

S"02:  No  changes  in  the  CV  response  is  observed  in  the  presence  of 
Sn02  due  to  its  low  solubility  (Figure  10). 

SnO;  The  small  stripping  peak  at  -1.05V  may  be  due  to  alloy  formation 
(Figure  11).  A  second  small  stripping  peak  at  -0.730V  is  also  evident.  At 
high  scan  rates  (>500  mV/s),  a  broad  oxidation  region  is  observed  from 
-0.30V  to  the  onset  of  Ag  oxidation.  A  long,  broad  reducton  current  follows 
AgO  reduction,  suggesting  a  UPD  process  over  several  hundred  millivolts. 

The  solubility  of  SnO  in  45%  KOH  equals  that  of  PbO  (Table  I). 

Ce02,  V204»  ^102,  WO3  and  Fe203;  No  significant  changes  are  observed  in 
the  CV  response  due  to  these  additives  (Figures  12-16).  Most  have  low  solu¬ 
bilities,  except  WO3  (Table  I). 


Cyclic  voltammetry  studies  clearly  Indicate  that  certain  additives 
(Pb,  Bl)  Influence  not  only  the  cathodic  (deposition)  but  also  the  anodic 
(dissolution)  behavior  of  Zn  In  45%  KDH.  Although  this  Is  to  be 
expected,  little  attention  has  been  paid  to  the  effect  of  additives  on  the 
dissolution  process.  This  aspect  clearly  warrants  further  study. 

The  effect  of  additives  on  the  CV  profile  of  Zn  deposition/dissolution 
cannot  be  easily  correlated  to  the  additive  solubility  In  45%  KOH.  Profound 
changes  are  observed  In  the  presence  of  PbO,  whose  solubility  Is  700  ppm,  but 
no  substantial  changes  were  seen  In  the  presence  of  SnO,  whose  solubility 
Is  comparable  to  that  of  PbO.  Reduction  In  the  kinetics  of  bulk  zinc 
plating  and  stripping  and  major  shifts  In  zinc  underpotentlal  deposition 
are  also  seen  in  the  presence  of  BI2O3,  ifhose  solubility  Is  only  60  ppm. 

Yet,  10203  additive,  whose  solubility  parallels  that  of  Bi203,  has  no 
effect  on  zinc  kinetics,  and  the  only  change  observed  in  CV  behavior  is 
a  suppreslon  of  Zn  UPD.  Thus,  solubility  is  not  the  overriding  factor 
In  the  effect  of  additives  on  the  kinetics  of  zinc  deposition/dissolution. 

It  appears  that  simple  substrate  effects  can  also  be  ruled  out,  since 
all  four  additives  have  reduction  potentials  more  positive  than  Zn. 

These  data  suggest  that  an  interactive  effect  (or  lack  thereof)  during 
zinc  electrodeposltlon/dissolutlon  Is  responsible  for  the  observed 


behavior. 


4.2.  CTCLIC  VOLTAMMETRY  AT  A  ZINC  DISK  ELECTRODE 


In  practical  battery  systems,  zinc  deposition  occurs  at  a  rapid  rate 
and  the  Influence  of  the  substrate  Is  exerted  directly  only  for  the 
first  few  zinc  layers.  This  Influence  can  be  significant  If  It  results 
In  a  change  In  the  nucleatlon  process  or  the  kinetics  of  crystal  growth 
(5,  6>  13).  The  more  soluble  additives  can  also  Interact  with  the  zinc 
deposition  process  at  later  stages  vdien  the  process  Is  essentially  the 
deposition  of  zinc  onto  a  zinc  substrate.  The  Influence  of  some  of  the 
more  soluble  additives  on  zinc  deposition  at  a  pure  zinc  substrate  was 
therefore  examined  by  cyclic  voltammetry. 

The  current-voltage  response  of  a  pure  zinc  disk  electrode  In  45%  KOH 
containing  5.5%  ZnO  Is  shown  In  Figure  17A.  Several  sweeps  are  recorded  at 
scan  rates  of  10,  20,  50,  100,  200,  and  500  mV/ s  with  the  highest  scan  rate 
giving  rise  to  the  largest  peak  currents.  There  Is  very  little  current 
response  In  the  passive  region  from  -H).40V  to  approximately  -l.OOV. 
Breakdown  of  the  passive  film  on  the  electrode  gives  rise  to  the  sudden 
Increase  In  current  as  the  potential  Is  made  more  negative  than  -l.OOV 
(see  also  1,  14).  Dissolution  of  the  zinc  electrode  occurs  readily  In 
the  region  from  -l.OOV  to  -1.36V.  Bulk  deposition  of  zinc  occurs  at 
potentials  more  negative  than  -1.36V  and  stripping  of  the  zinc  deposit 
Is  evident  as  the  electrode  potential  Is  made  more  posltve  in  the  region 
from  -1.40V  to  -l.OOV.  The  BI2O3  and  HgO  additives  have  little  effect 
on  the  current -voltage  response  of  the  zinc  electrode  as  shown  In  Figures 
17B  and  C.  In  the  presence  of  PbO,  (Figure  17D) ,  the  current  becomes 
noisy  and  spurious  peaks  are  observed.  The  co-depositlon  of  Pb  occurs 


In  this  potential  region  (-0.70V  to  -1.80V)  and  is  probably  responsible 
for  the  erratic  current  behavior. 

It  is  possible  to  distinguish  between  reversible.  Irreversible,  or 
quasl-reverslble  kinetic  behavior  by  plotting  the  peak  current  for  the 
reduction  of  zinc  versus  the  square  root  of  the  potential  scan  rate  (15) 
Reversible  behavior  (rapid  kinetics)  yields  a  linear  plot  and  the  peak 
potential  is  independent  of  scan  rate.  Irreversible  kinetics  also 
yields  a  linear  plot  of  peak  current  versus  square  root  of  the  scan  rate 
but  the  peak  potential  shifts  with  scan  rate.  Intermediate  or  quasi- 
reversible  kinetics  do  not  yield  linear  plots  of  peak  current  versus 
square  root  of  the  scan  rate.  (Interpretation  of  the  oxidation  kinetics 
from  cyclic  voltammetry  curves  is  difficult  since  the  anodic  peak 
depends  on  the  amount  of  metal  deposition  in  the  previous  cathodic  sweep 
(16).) 

The  peak  currents  versus  (scan  rate)  ^2  for  the  data  In  Figure  17  ar 
plotted  in  Figure  18  for  the  case  with  no  additive  and  with  HgO  present, 
and  in  Figure  19  for  the  PbO  and  BI2O3  additives.  With  no  additives 
present  (Figure  18),  a  linear  response  for  the  oxidation  of  zinc  is 
observed  and  very  little  shift  in  the  peak  potential  is  evident.  (All 
data  were  obtained  with  IR  compensation  using  the  procedure  recommended 
by  the  potent lostat  manufacturer.)  The  plot  for  the  reduction  process 
shows  definite  curvature  and  quasl-reverslble  kinetics.  Intermediate 
kinetics  are  also  observed  for  the  reduction  process  in  the  presence  of 
HgO,  BI2O3  and  PbO  additives. 


The  merit  of  scan  rate  studies  during  linear  scan  voltammetry  experi¬ 
ments  Is  that  they  provide  a  rapid  ball-park  estimate  of  the  kinetics.  If 
the  current -volt age  response  suggests  reversible  or  completely  Irrever¬ 
sible  kinetics.  It  is  often  possible  to  extract  kinetic  parameters 
directly  from  the  CV  data.  Unfortunately,  for  the  case  of  quasi -reversible 
kinetics,  the  mathematical  solutions  are  difficult  because  many  of  the 
simplifying  assumptions  used  In  the  reversible  or  Irreversible  cases  are  not 
appropriate.  Other  techniques  such  as  chronopotentiometry  and  chronocoulo- 
metry  yield  more  tractable  mathematics  and  were  therefore  chosen  to  deter¬ 
mine  the  kinetic  parameters  for  the  zinc  electrode  reaction  in  the  presence 
and  absence  of  additives. 


Limited  studies  were  conducted  with  pasted  ZnO  electrodes  with  and 


without  additives.  Current -potential  profiles  were  recorded  on  "green”  or 
unformed  electrodes.  On  a  fully  formed  electrode,  the  current  Is  more  than 
30  times  larger  In  the  anodic  region  than  for  the  unformed  electrode  and 
a  peak  Is  only  observed  If  electrode  passivation  occurs.  For  this 
reason,  cyclic  voltammetry  on  fully  formed  electrodes  yields  limited 
information  and  It  was  not  pursued  further. 

A  typical  current -voltage  response  for  a  pasted  ZnO  electrode  with  no 
additives  is  shown  in  Figure  20  for  5%  KOH.  A  large  reduction  current 
due  to  ZnO  reduction  Is  seen  In  region  A.  Upon  scan  reversal,  the 
metallic  zinc  formed  in  A  Is  reoxldized  to  ZnO  giving  rise  to  peak  B.  A 
current  peak  Is  observed  because  of  the  limited  amount  of  metallic  zinc 
formed  in  region  A.  The  broad  shoulder  In  region  C  Is  the  result  of 
oxidation  of  an  alloy  formed  between  the  silver  current  collector  and 
zinc.  Hendrlkx  et  al.  (12)  have  Identified  this  peak  as  the  e-phase  of 
AgZn3  alloy.  The  oxidation  and  subsequent  reduction  of  the  silver 
current  collector  Is  evident  in  regions  D  and  F  respectively.  The 
overall  current-voltage  curve  Is  centered  on  the  zero  current  line  with 
very  little  slope.  Indicating  a  low  resistance  electrode.  A  high 
resistance  In  the  electrode  would  generate  an  IR  voltage  drop  which 
would  tend  to  distort  the  current-voltage  profile.  The  response  of  the 
pasted  electrode  Is  remarkably  similar  to  the  response  for  a  solid 
silver  electrode  in  the  presence  of  zlncate  ions  (Figure  2). 


Addition  of  PbO  influences  the  pasted  electrode  CV  response.  Data 
for  a  ZnO  electrode  containing  1%  PbO  additive  are  shown  in  Figure  21. 

Three  additional  peaks,  F,  G,  and  H,  are  evident  in  the  CV  response.  Peak 
H  corresponds  to  the  reduction  of  PbO  to  Pb  (E®'  -0.73  V  vs  Hg/HgO) .  Peaks 
F  and  G  are  believed  to  arise  from  the  oxidation  of  PbO  to  Pb02  (peak  F) 
and  the  reverse  reaction  (peak  G).  Cyclic  voltammograms  for  a  pure  lead 
electrode  in  45%  KOH  showed  PbO  oxidation  at  +0.500  V  and  Pb02  reduc¬ 
tion  in  a  region  from  -0.400  V  to  -0.800  V,  depending  on  the  KOH  con¬ 
centration.  The  zinc  oxide  reduction  current  is  shifted  to  more 
negative  potentials  in  the  presence  of  PbO  and  the  peak  associated  with 
the  formation  of  the  AgZn3  alloy  is  absent. 

Similar  data  are  obtained  when  lead  additive  is  used  in  conjunction 
with  CdO,  except  in  the  anodic  region,  where  the  Zn  oxidation  peak  is 
conspicuously  absent,  while  two  additional  peaks  appear  (Fig.  22).  Peak  A 
in  Fig.  22  represents  the  reduction  of  Pb02  to  PbO;  peak  8  is  the  reduction 
of  PbO  to  Pb;  wave  C  corresponds  to  the  reduction  of  CdO  to  cadmium  metal 
and  peak  E  to  its  reoxldation;  and  finally,  peak  D  corresponds  to  the  oxi¬ 
dation  of  Pb  to  PbO.  The  silver  oxide  region  is  also  strongly  affected  by 
the  presence  of  PbO  whereas  CdO  has  little  effect.  The  electrode  response 
with  only  CdO  present  (2%)  is  shown  in  Fig.  23.  As  expected,  peaks  B  and 
D  are  absent,  while  the  wave  in  region  C  and  the  peak  in  region  E  are  evi¬ 
dent  as  they  were  in  the  previous  case  for  both  PbO  and  CdO  present. 
Interestingly,  an  anodic  peak  due  to  zinc  oxidation  is  again  evident  even 
though  both  the  cathodic  and  anodic  zinc  reaction  rates  appear  equally 


suppressed.  In  the  presence  of  CdO  as  a  solution  additive  no  reduction  In 
the  rate  of  zinc  deposition/dissolution  was  observed  at  a  Ag  electrode 
(Figure  4). 

It  should  be  emphasized  that  work  with  pasted  electrodes  could  be  of 
little  quantitative  value  since  no  two  pasted  electrodes  are  exactly  the 
same.  Precise  measurements  of  surface  area  and  electrode  resistance  are 
necessary  for  meaningful  comparison.  Also,  no  kinetic  data  on  zinc 
deposition/dissolution  could  be  derived  from  studies  with  pasted 
electrodes.  Thus,  the  Information  obtained  by  cyclic  voltammetry  should 
be  viewed  for  trends  only.  However,  the  ability  to  directly  monitor  the 
redox  behavior  of  additives  In  the  paste  by  cyclic  voltammetry  suggests 
that  chronopotentiometry  during  the  forming  process  may  be  of  use  in 
determining  the  oxidation  state  and  percent  conversion  of  the  additives  (17) 


4.4.  CHRONOPOTENTIOMETRIC  STUDIES  OF  ZINCATE  REDUCTION 

The  technique  of  chronopotentiometry  involves  monitoring  the  voltage 
response  of  an  electrode  subjected  to  a  current  step  or  pulse.  In  the 
absence  of  mass  transfer  effects,  the  relationship  of  overpotential  (n)  to 
the  current  is  represented  by  the  Butler-Volmer  equation: 

i  =  lo[exp(-anfn)-exp[(l-a)nfn]  (1) 

where  1q  is  the  exchange  current  density,  a  is  the  transfer  coefficient,  n 
is  the  number  of  electrons  transferred  in  the  rate  determining  step  and 
fa>F/RT,  This  equation  is  valid  provided  i  is  small  compared  to  the 
limiting  current  and  the  measurement  is  completed  in  a  sufficiently  short 
time  that  mass  transfer  effects  are  negligible.  Provided  these  conditions 
are  met,  chronopotentiometry  allows  one  to  obtain  values  of  an  and  i^, 
important  kinetic  parameters. 

The  cyclic  voltammetry  results  indicate  quasl-reverslble  kinetics  for 
the  zinc  electrode  (Section  4.1).  For  this  case,  the  opposing  charge 
transfer  reaction  must  be  considered  at  low  overpotentials.  Using  the 
method  of  Allen  and  Hlckling  (18),  equation  (1)  can  be  rewritten  as: 

t  =  lo  exp(-anfTi)  I  l-exp(nfn)  ]  (2) 

or,  in  logarithmic  form  as: 

In  - ^ -  =  In  Iq  -  onfn 

l-exp(nfn) 


Therefore,  a  plot  of  the  lefthand  side  of  equation  (3)  versus  overpotential 
should  yield  a  linear  plot  of  slope  -anf  and  Intercept  of  In  Iq. 
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Results  for  a  zinc  electrode  in  45%  KOH  with  no  additives  present  are  shown 
in  Figure  24  for  zlncate  concentrations  of  5.5%  and  1.1%.  Two  linear 
portions  of  different  slopes  intersecting  at  ti“0  are  observed.  Values  of 
the  exchange  current  density  calculated  from  the  intersection  are  2.1  and 
2.2  mA  cm“2  for  5.5%  and  1.1%  ZnO,  respectively.  Slopes  of  the  linear 
cathodic  and  anodic  portions  of  the  curve  yield  the  indicated  values  of  the 
cathodic  and  anodic  transfer  coefficients  (for  n*2);  in  both  cases  the  sum 
of  Oc  +  oa  la  close  to  unity. 

A  series  of  seven  replicate  experiments  provided  the  results  shown  in 

Table  II.  Good  agreement  is  observed  with  an  average  value  for  Iq  of  2.2  mA  cm”2. 


A  useful  technique  for  evaluating  the  electrochemical  response  of  a  system 
Is  to  Integrate  the  current,  obtaining  the  charge  Q  as  a  function  of  time. 
This  technique,  knovm  as  chronocoulometry  (19),  offers  several  experimental 
advantages  for  kinetic  studies.  Since  the  response  Increases  with  time, 
the  later  parts  of  the  transient  offer  good  slgnal-to-nolse  ratios.  Since 
the  later  transient  response  is  more  experimentally  accessible,  chrono¬ 
coulometry  requires  less  sophisticated  equipment.  Moreover,  because  the 
evaluation  of  rate  parameters  Is  made  by  extrapolation  from  a  later  time 
domain.  It  Is  more  easily  applied  to  fast,  or  moderately  fast  reactions. 

The  chronocoulometric  record  Is  less  subject  to  noise  since  the  current  is 
Integrated.  A  comprehensive  discussion  of  chronocoulometry  and  its  appli¬ 
cation  to  heterogeneous  kinetics  may  be  found  In  Ref.  15. 

Experimentally,  the  charge  passed  at  the  electrode  Is  measured  as  a  func¬ 
tion  of  time  following  a  potential  step  from  a  region  where  there  is  no 
electrode  reaction  to  an  active  region  where  the  reaction  occurs  at  a  kine¬ 
tic  (low  n)  or  mass  transport  (high  n)  limited  rate.  For  quasl-reverslble 
kinetics,  the  electrode  charge  as  a  function  of  time,  Q  (t),  is  given  by, 

b  ^ 

nFAkfCo  2Hi(7 

0(t)-  -  [exp(H2t)erfc(H/t)+  _  -l]  (4) 

h2  /? 

where 

H-(kf//^)  +  (kb//Di’)  (5) 

and  the  other  terms  have  their  us^jal  electrochemical  significance.  For 
hvT  >  5,  the  complement  of  the  error  function  approaches  zero,  and  a 
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plot  of  Q  vs  /t  should  yield  a  linear  portion  of  slope: 

b 


dQ 

2nFAkfCQ 

(6) 

d/t 

Hv'tt 

and  the  intercept  of  the  linear  portion  on  the  O-O  axis  is  given  by: 

(7) 


2H 


Experimentally,  H  is  determined  from  the  intercept,  /^i,  and  kf  is  calcu¬ 
lated  from  the  experimentally  determined  slope  via  Eq.  6.  Despite  the 
advantages  of  chronocoulometry ,  this  technique  has  not  been  widely  used 
because  of  the  complex  nonlinear  charge-time  relationship  when  the 
response  is  either  partially  or  fully  governed  by  charge  transfer  kinetics. 
Since  the  linearization  approximation  for  0  vs  /t  is  valid  only  for  H/t  > 
5,  one  is  not  able  to  use  the  entire  data  set  and  this  constraint  may  pre¬ 
sent  experimental  difficulties,  particularly  for  low  values  of  H. 

01dham(20)  has  recently  presented  an  alternative  approach  for  the  interpre¬ 
tation  of  chronocoulometrlc  data  that  allows  linearization  of  the  entire 
data  set  without  prior  knowledge  of  the  kinetic  parameters.  This  approach 
is  based  on  convolution  of  the  charge-time  data  via  a  semidifferentiation 
algorithm.  The  algorithm  provides  a  set  of  semldervatlve  data,  m(t),  which 
can  be  combined  with  the  charge  data  to  yield  the  simple  equation: 


m(t) 

2Io 

Hq(t) 

/t 

/? 

(8) 
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where  Iq  Is  the  Initial  current,  which  Is  not  generally  experimentally 
accessible.  (We  have  denoted  this  as  Iq  to  avoid  confusion  with  Iq,  the 
conventional  designation  for  exchange  current.)  A  plot  of  m//F  vs  q//F 
should  be  linear  with  a  slope  of  -H  and  an  Intercept  of  11^1/7,  The  rate 
constant  can  be  calculated  from  the  equation: 

b 

Iq-oFACq  kf  (9) 

Chronocoulometrlc  data  were  collected  for  zlncate  reduction  In  both  the  pre¬ 
sence  and  absence  of  additives.  Kinetic  parameters  were  evaluated  from 
both  Q  vs  /F  data  and  m//F  vs  q//t  data. 

A  typical  chronocoulometrlc  Q  vs  /t  data  set  for  the  reduction  of  zlncate 
Ion  at  a  Ag  electrode  Is  shown  In  Figure  25  for  an  overpotentlal  of  -120 
mV.  Extrapolating  the  linear  portion  of  the  data,  a  value  for  H  and  /Fj 
can  be  determined  and  a  value  of  kf««3.0xl0”3  cm  s”^  Is  calculated. 

Values  of  the  potential  dependent  term  H  were  calculated  from  0  vs  /F 
data  at  various  overpotentlals  and  ranged  from  approximately  0.4  s“l/2 
at  low  overpotentlals  to  2.5  8“l/2  at  high  overpotentlals.  Since  the 
approximation  used" for  calculating  kf  from  Q  vs  /F  Is  valid  only  for  H/F 
>5,  the  time  required  for  a  valid  approximation  Increases  from  4  to  150 
seconds  as  the  overpotentlal  Is  decreased.  Figure  26  shows  Q  vs  /F  at 
n«-40mV.  At  this  potential,  the  linear  portion  of  the  plot  Includes  only  a 
fraction  of  the  data  set  and  does  not  allow  an  accurate  determination  of 
/Fi  or  kf. 


While  this  problem  could  be  solved  by  taking  data  for  a  longer  time 
period,  our  experiments  show  that  conditions  of  seml-lnf Inlte  linear  dif¬ 
fusion  to  a  planar  electrode  can  only  be  maintained  for  approximately  30 
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seconds  when  high  zlncate  concentrations  (1.2  M  ZnCOH)^  In  11.6  M  KOH)  are 
used  due  to  large  changes  In  electrode  morphology  at  longer  times.  Given 
the  30  second  time  constraint  to  maintain  well-defined  diffusion  con¬ 
ditions,  the  use  of  approximations  Is  prohibited  on  data  obtained  at  over- 
potentials  less  than  approximately  lOOraV. 

Since  charge  transfer  control  predominates  at  low  overpotentlals  where 
the  classical  approximation  method  falls,  the  use  of  Oldham's  algorithm  was 
explored  as  a  means  of  analyzing  chronocoulometrlc  results.  Since  no 
approximations  are  required  and  the  entire  data  set  Is  utilized,  kinetic 
parameters  should  be  calculable  even  at  low  overpotentlals. 

A  computer  program  was  developed  to  convert  Q  vs  /T  data  to  m//F  vs  q//t 
data.  The  accuracy  of  the  algorithm  program  was  tested  by  generating  a 
sample  set  of  charge  versus  time  data  calculated  from  Eq.  4  using  values 
of  H-1.00  and  Io»375  mA  cra”2  (typical  for  zinc  deposition  at  low  to 
moderate  overpotentlals).  The  sampling  Interval  was  0.1  seconds  over  an 
experimental  duration  of  5  seconds.  A  plot  of  the  data  generated  by  the 
algorithm  Is  shown  In  Figure  27.  The  plot  is  linear  throughout  the  entire 
range  of  data  and  yields  values  of  0.998  for  H  and  374.6  mA  cm“2  for  Iq. 

The  algorithm  was  applied  to  chronocoulometry  data  for  zlncate  reduc¬ 
tion  In  the  absence  of  additives.  Typical  data  for  n*-40  mV  and  ri«-120  mV 


are  shown  on  Figures  28  and  29.  While  there  Is  some  scatter  In  the  data, 
the  points  give  a  good  linear  fit  for  the  entire  data  set,  as  opposed  to 
the  Q  vs  /t  data,  particularly  for  low  p. 


Values  of  Iq  at  various  overpotentials  were  calculated  from  the  inter¬ 
cept.  The  potential  dependent  rate  constant,  kf,  was  calculated  from 
Eq.  9.  A  value  of  kg  was  then  calculated  from  the  relationship: 


kf»ko  exp(-anfn) 


The  value  for  no  is  determined  from  a  plot  of  log  H  vs  potential  (Figure 
30)  and  log  Iq  vs  potential  (Figure  31).  The  slope  of  the  linear  portion 
of  each  plot  at  more  negative  potentials  Is  equal  to  -onf/RT  and  hence  the 
Tafel  slope  and  transfer  coefficient  can  be  determined.  From  these  plots  a 
Tafel  slope  of  142  mV  was  determined,  giving  a  value  for  na»0.42. 

The  results  obtained  for  zlncate  reduction  at  a  Ag  electrode  are  summarized 
In  Table  III.  A  value  of  kQ«2.40±  0.22x10"^  cm  s“l  is  obtained  via  the 

algorithm.  At  higher  overpotentials,  H  approaches  kf/i/Do  kb/  i/Dq 
approaches  zero.  From  the  slope  of  m/Zt"  vs  q//F,  one  calculates  a  dif¬ 
fusion  coefficient  Dq«2.3x10“^  cm^  for  zlncate  In  11. 2M  KOH,  which 
agrees  well  with  the  published  values  of  1.52x10“^  cm^  by  McBreen(21) 
and  3.43x10-6  cm2  g-1  by  Dlrkse(22). 

The  kinetic  parameters  determined  by  the  algorithm  for  zlncate  reduc¬ 
tion  are  in  good  agreement  with  published  values.  The  Tafel  slope  of  142 
mV  compares  well  with  the  value  of  113±  30mV  reported  by  Bockrls  et  al.(23) 


for  0.5M  zincate  in  3M  KOH.  The  ratio  of  ko/’^o  reported  by  Payne 
and  Bard(24)  as  0.17  for  Zn(II)  reduction  at  mercury  and  our  experiments 
yield  a  slmlllar  value  of  0.16  for  Zn(II)  reduction  at  silver. 
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Chronocoulometry  experiments  were  also  carried  out  in  1.2M  Zn(0H)4  In 
the  presence  of  additives.  Since  PbO  Is  known  to  have  a  beneficial  effect 
on  commercial  Zn  electrodes.  It  was  decided  to  concentrate  our  studies  on 
this  additive.  Unfortunately,  extraction  of  any  kinetic  information  in  the 
presence  of  additives  was  much  less  tractable.  Attempts  to  use  the  seml- 
dlfferentlatlon  algorithm  In  the  presence  of  PbO  were  unsuccessful.  We 
believe  this  to  be  due  to  complications  arising  from  the  co-reduction  of 
Pb(II)  during  zincate  reduction.  The  situation  is  further  complicated  by 
the  possible  contribution  of  charge  due  to  hydrogen  evolution. 

In  an  attempt  to  correct  for  the  charge  contribution  due  to  lead  additive 
experiments  were  carried  out  In  KOH,  PbO  in  the  absence  of  zincate  (Figure 
32).  This  chronocoulometrlc  data  set  was  subtracted  from  the  data  set  for 
zincate  reduction  In  the  presence  of  lead.  Once  again,  the  resultant 
plots  would  not  yield  tractable  kinetic  parameters. 

While  it  Is  not  possible  to  make  accurate  quantitative  statements 
about  the  presence  of  Pb(II)  on  the  kinetics  of  zincate  reduction,  chrono- 
coulometry  shows  that  the  presence  of  Pb(II)  has  a  strong  effect  on  zincate 
reduction  at  Ag.  A  comparison  of  Q  vs  t  for  zincate  reduction  In  the  absence 
and  presence  of  Pb(II)  shows  that  the  rate  of  Zn(II)  reduction  is  signifi¬ 
cantly  lower  In  the  presence  of  lead  additive  (Figure  33). 


Ue  believe  this  reduction  In  the  rate  of  zinc  deposition  Is  due  to  the 
codeposition  of  lead.  A  rotating  ring— disk  electrode  was  employed  to  show 
that  Pb(II)  reduction  was  occurring  concurrent  with  zlncate  reduction.  The 
disk  and  ring  current  as  a  function  of  disk  potential  Is  shown  In  Figure  34. 
The  ring  Is  held  at  a  constant  potential  of  -l.OOV,  at  which  potential 
Pb(ll)  Is  reduced,  but  not  zlncate.  Hence  the  ring  current  provides  a 
monitor  only  of  Pb  Ion  flux.  At  potentials  anodic  of  zlncate  reduction, 
the  ring  becomes  shielded  due  to  the  reduction  of  Pb(II)  at  the  disk.  The 
ring  electrode  remains  fully  shielded  throughout  the  cathodic  potential 
sweep,  suggesting  that  zinc  and  lead  are  co-deposlted. 

Mansfield  and  Gilman  (25)  have  reported  that  zinc  deposition  on  the  basal 
plane  of  single  crystal  zinc  Is  epitaxial  In  the  absence  of  plumbate  ion. 
However,  when  plumbate  Ions  are  present,  a  smooth  film  of  metallic  lead 
forms  on  the  zinc  crystal  and  the  Initiation  and  growth  of  the  zinc  deposit 
tends  to  be  mainly  at  sites  not  covered  by  lead.  We  believe  a  similar  pro¬ 
cess  Is  responsible  for  the  reduced  rate  of  zlncate  reduction  observed  In 
our  results.  A  lead  film  forms  during  the  Initial  stages  of  deposition. 

The  high  solubility  of  PbO  In  the  electrolyte  provides  a  continuous  plum¬ 
bate  reduction  process  and  hence  the  lead  film  Is  continuously  renewed  and 
the  Interaction  with  adjacent  zinc  layers  Is  maintained. 

It  Is  Important  to  distinguish  this  dynamic  atom-layer  by  atom-layer 
Interaction  from  a  simple  substrate  effect.  In  the  absence  of  significant 
alloy  formation,  a  substrate  effect  should  be  limited  to  only  those  zinc 


layers  in  direct  contact  with  the  substrate.  The  rapid  formation  of  sub¬ 
sequent  zinc  layers  obscures  the  substrate  in  milliseconds  and  there  is  no 
mechanism  by  which  the  substrate  interaction  can  be  renewed  except  by 
complete  stripping  of  the  zinc  deposit. 

Figure  35  shows  the  chronocoulometric  response  for  zincate  reduction  at 
Pb,  Zn  and  Ag.  The  substrate  is  seen  to  have  little  affect  on  the  0  vs  t 
behavior  and  the  kinetics  are  essentially  those  of  zincate  reduction  at 
zinc.  (The  slight  variations  are  due  to  different  roughness  factors  for  the 
electrodes.)  A  comparison  of  Figures  33  and  35  clearly  indicates  that 
solubility  and  the  ability  to  codeposit  with  zinc  are  important  properties 


for  the  PbO  additive 
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CONCLUSIONS 


Analysis  of  our  results,  obtained  by  several  experimental  tech¬ 
niques  ,  points  to  a  significant  reduction  In  the  zinc  deposition  rate  in 
45%  KOH  In  the  presence  of  the  solution  additive,  PbO.  The  solubility  of 
PbO  In  this  medium  Is  relatively  high,  being  among  the  highest  In  the 
series  of  additives  studied.  The  presence  of  plumbate  Ions  modifies 
zinc  deposition  kinetics  In  a  virtually  Identical  manner  for  zinc  and 
silver  substrates.  There  Is  also  no  observable  substrate  effect  in  the 
absence  of  plumbate  Ions  and  even  with  a  lead  substrate  the  kinetics  are 
Indistinguishable  from  those  with  zinc  or  silver  substrates.  These 
results  suggest  that  co-depoaltlon  of  lead,  leading  to  a  dynamic  atom- 
layer  by  atom-layer  Interaction  rather  than  a  simple  substrate  effect, 
la  responsible  for  the  observed  reduction  In  the  zinc  deposition  rate. 

The  reduced  rate  of  zinc  deposition  should  lead  to  a  more  uniform  depo¬ 
sit,  which  In  turn  should  lead  to  a  reduced  zinc  shape  change  upon 
cycling,  as  observed  In  commercial  practice.  While  further  work  Is  in 
order  (especially  on  the  dissolution  process  of  zinc,  which  Is  also 
affected  by  lead)  our  results  point  to  the  possibility  of  employing 
electrolyte  additives,  as  opposed  to  additives  to  the  ZnO  paste,  in 
practical  cells. 

Successful  employment  In  our  work  of  Oldham's  algorithm  for  the 
analysis  of  chronocoulometrlc  data  (In  pure  zlncate  solutions)  indicates 
that  this  technique  could  be  extended  to  studies  of  systems  other  than 


zlncate 
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LEGEND  TO  FIGURES 


FIG.  1 

Cyclic  voltammogram  of  stationary  silver  electrode  in  pure  45%  KOH. 
Electrode  area:  0.0324  cm^.  Sweep  rate:  50  mV  s~^. 


FIG.  2 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing 
5.5%  ZnO.  Electrode  area:  0.0324  cm^.  Sweep  rate:  50  mV  s“l. 


FIG.  3 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“^  M  PbO  (nominal  concentration).  Electrode  area:  0.0324  cm^. 
Sweep  rate:  50  mV  a"^. 


FIG.  4 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“^  M  CdO  (nominal  concentration).  Electrode  area:  0.0324  cra^. 
Sweep  rate:  50  mV  s“^. 


FIG.  5 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO,  5  X  10"^  M  PbO  and  1  x  10~2  m  CdO  (nominal  concentration).  Electrode 
area:  0.0324  cm^.  Sweep  rate:  50  mV  s~i. 


FIG.  6 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10~^  M  BI2O3  (nominal  concentrations).  Electrode  area:  0.0324  cm^. 
Sweep  rate:  50  mV  s“^. 


FIG.  7 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“’  M  10203  (nominal  concentration).  Electrode  area:  0.0324  cm^. 
Sweep  rate  50  mV  s“^. 
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FIG.  8 


Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“3  M  TI2O3  (nominal  concentration).  Electrode  area:  0.0324  cm^. 
Sweep  rate:  50  mV  a“l. 


FIG.  9 


Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“^  m  HgO  (nominal  concentration).  Electrode  area:  0.0324  cm^. 
Sweep  rate:  50  mV  3“^. 


FIG.  10 


Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“^  M  Sn02  (nominal  concentration).  Electrode  area:  0.0324  cm2. 
Sweep  rate:  50  mV  3~1. 


FIG.  11 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10"3  M  SnO  (nominal  concentration).  Electrode  area:  0.0324  cra2. 
Sweep  rate:  50  mV  3“1. 


FIG.  12 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10“^M  Ce02  (nominal  concentration).  Electrode  area:  0.0324  cm2. 
Sweep  rate:  50  mV  s”^. 


FIG.  13 

Cyclic  voltammogram  of  stationary  silver  electrode  in  45%  KOH  containing  5.5% 
ZnO  and  5  x  10”’  M  V2O4  (nominal  concentration).  Electrode  area:  0.0324  cra2. 
Sweep  rate:  50  mV  s“I. 


FIG.  14 


Cyclic  voltammogram  of  stationary  silver  electrode  In  45%  KOH  containing  5.5% 
ZnO  and  5  x  10"^  M  TIO2  (nominal  concentration).  Electrode  area:  0.0324  cm2. 
Sweep  rate:  50  mV  s"^. 


FIG.  15 

Cyclic  voltammogram  of  stationary  silver  electrode  In  45%  KOH  containing  5.5% 

ZnO  and  5  x  10-3  M  WO3  (nominal  concentration).  Electrode  area:  0.0324  cm2. 
Sweep  rate:  50  mV  s-1. 


Cyclic  volCammogram  of  stationary  sliver  electrode  In  45Z  KOH  containing 
5.5Z  ZnO  and  5  x  10~^  M  Fe203  (nominal  concentration).  Electrode  area: 
0.0324  cm2.  Sweep  rate:  50  mV  s“l. 


FIG.  17 


Cyclic  voltammogram  of  stationary  zinc  electrode  In  45Z  KOH  w/wo  additives 
Electrode  area:  0.0324  cm^.  Sweep  rates:  10,  20,  50,  100,  200,  and  500 
mV  s-1. 

a.  No  additives  present 

b.  5x10“3  m  BI2O3  present  (nominal  concentration) 

c.  5x10“3  m  HgO  present  (nominal  concentration) 

d.  5x10”3  m  PbO  present  (nominal  concentration) 

FIG.  18 


Plot  of  peak  current  vs.  square  root  of  scan  rate  for  zinc 
oxidation/reduction,  as  recorded  in  Figure  17. 

a.  No  additives  present 

b.  HgO  present 

FIG.  19 

Plot  of  peak  current  vs.  square  root  of  scan  rate  for  zinc 
oxidation/reduction,  as  recorded  in  Figure  17. 

a.  PbO  present 

b.  81203  present 

FIG.  20 


Cyclic  voltammogram  of  pasted  ZnO  electrode  in  5%  KOH.  No  additives  pre¬ 
sent.  Scan  rate  1  mV  s~^. 


FIG.  21 

Cyclic  voltammogram  of  pasted  ZnO  electrode  in  5%  KOH  with  with  1%  PbO  pre 
sent.  Scan  rate  1  mV  s-1. 


FIG.  22 


Cyclic  voltammogram  of  pasted  ZnO  electrode  In  5Z  KDH  with  2%  total  PbO  and 
CdO  present  (PbO/CdO  ratio  1:2).  Scan  rate  1  mV  8“1. 


FIG.  23 


Cyclic  voltammogram  of  pasted  ZnO  electrode  In  5%  KOH,  with  2Z  CdO  present. 
Scan  rate:  1  mV  a“^. 


FIG.  24 


Chronopotentlometrlc  data  for  stationary  zinc  electrode  In  45Z  KOH  con¬ 
taining  ZnO.  Electrode  area:  0.0324  cm^. 

a.  5.5Z  ZnO  present 

b.  1.1%  ZnO  present 

FIG.  25 


Chronocoulometrlc  data  for  stationary  sliver  electrode  In  45%  KOH  con¬ 
taining  5.5%  ZnO.  n  ■  -120  mV. 


FIG.  26 

Chronocoulometrlc  data  for  stationary  sliver  electrode  In  45%  KOH  con¬ 
taining  5.5%  ZnO.  n  ■  -40  mV. 


FIG.  27 

Plot  of  data  generated  by  the  algorithm  for  a  sample  set  of  charge  vs.  time 
data. 


FIG.  28 


Chronocoulometrlc  algorithm  data  for  the  reduction  of  zlncate  in  45%  KOH  In 
the  absence  of  additives,  n  ■  -40  mV. 


FIG.  29 


Same  as  Figure  26,  for  n  ■  -120  mV. 


PIG.  30 


Plot  of  log  H  (determined  by  algorithm)  vs.  potential  for  silver  electrode 
In  45Z  KOH  containing  5.52  ZnO. 

FIG.  31 


Plot  of  log  Ig  values  (determined  by  algorithm)  vs.  potential  for  silver 
electrode  In  452  KOH  containing  5.52  ZnO. 


FIG.  32 


Chronocoulometrlc  data  for  lead  deposition  at  silver  electrode  in  452  KOH  in 
the  absence  of  ZnO. 


FIG.  33 


Chronocoulometrlc  data  for  zlncate  reduction  at  silver  electrode  (452  KOH) 
w/wo  PbO  additive.  Electrode  potential  lOOmV  negative  to  open  circuit 
potential. 


FIG.  34 


Rotating  ring-disk  current  vs.  disk  potential  for  zinc  deposition  in  the 
presence  of  lead. 

FIG.  35 


Chronocoulometrlc  data  for  zlncate  reduction  at  Pb,  Zn  and  Ag  electrodes. 
Electrode  potential  100  mV  negative  to  open  circuit  potential. 


TABLE  I.  ROOM  TEMPERATURE  SOLUBILITIES  OF  VARIOUS  ADDITIVES 


IN  45%  KOH  IN  THE  PRESENCE  OF  ZnO 


ADDITIVE 

%  ZINC 

ADDITIVE  CONCENTRATION* 

(PPM) 

PbO 

5.55 

700  Pb 

CdO 

5.21 

20  Cd 

BI2O3 

5.22 

57  B1 

In(0H)3 

5.56 

45  In 

TI2O3 

5.56 

<  1  T1 

PbO  +  CdO 

5.45 

720  Pb  +  14  Cd 

Fe203 

5.35 

10  Fe 

WO3 

6.84 

546  W 

TIO2 

5.32 

<  1  T1 

V2O4 

6.73 

12  V 

SnO 

5.63 

715  Sn 

HgO 

6.10 

72  Hg 

Ce02 

5.46 

<  100  Ce 

Sn02 

5.51 

<  2  Sn 

*Determlned  by  atomic  absorption  spectrometry  of  the  supernatant  solution 


TABLE  III.  KINETIC  PARAMETERS 

CALCULATED  FROM  ™//t 

FOR  ZINCATE  REDUCTION 

vs.  ‘l//t  DATA 

E(volts) 

n(inV)  In(mA  cm“2) 

H(s“V2)  kf(cin  8"1) 

ko(cm  s”l) 

+0.384 

5.15x10-^ 

1.95x10-^ 

+0.567 

8.87x10"^ 

2.41x10-^ 

+0.768 

1.30x10-3 

2.54x10-^ 

+1.126 

1.85x10-3 

2.60x10-^ 

+1.626 

2.57x10-3 

2.61x10-^ 

+2.234 

3.41x10-3 

2.49x10-^ 

+2.796 

4.21x10-3 

2.22x10-^ 

POTENTIAL  (V  vs  Hg/Hg) 


POTENTIAL  (V  vs  Hg/HgO) 


POTENTIAL  (V  vs  Hg/HgO) 


POTENTIAL  (V  vs  Hg/HgO) 


POTENTIAL  (V  vs  Hg/HgO) 


(eOl  X  V)  lN3dhinO 


(eOl  X  V)  iN3dano 


POTENTIAL  (V  vs  Hg/HgO)  POTENTIAL  (V  vs  Hg/HgO) 
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POTENTIAL  (V  vs  Hg/HgO) 
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